Abstract Patients with locally advanced/inflammatory breast cancer (LABC/IBC) face a high likelyhood of recurrence and prognosis for relapsed, or de novo stage IV metastatic breast cancer (MBC) remains poor. Estrogen (ER) and HER2 receptor expression on primary or MBC allow targeted therapies, but an estimated 10-18% of tumors do not exhibit these biomarkers and survival in these cases is even poorer. Variations in discordance rates for the expression of ER and HER2 receptors have been observed between primary and metastatic tumors and such discordances may lead to suboptimal treatment. Circulating tumor cells (CTCs) are considered the seeds of residual disease and distant metastases and their characterization could help guide treatment selection. To explore this possibility, we used multiple biomarker assessment of CTCs in comparison to primary and metastatic tumor sites. Thirty-six patients with LABC/IBC, or stage IV MBC were evaluated. Blood samples were procured prior to initiating or changing therapy. CTCs were identified based on presence of cytokeratin and nucleus staining, and the absence of CD45. A multimarker assay was developed to simultaneously quantify expression of HER2, ER, and ERCC1, a DNA excision repair protein. Novel fiber-optic array scanning technology (FAST) was used for sensitive location of CTCs. CTCs were detected in 82% of MBC and 62% LABC/IBC cases. Multiplex marker expression was successfully carried out in samples from18 patients with MBC and in 8 patients with LABC/IBC that contained CTCs. In MBC, we detected actionable discordance rates of 40 and 23%, respectively for ER and HER2 where a biomarker was negative in the primary or metastatic tumor and positive in the CTCs. In LABC/IBC, actionable discordances were 60 and 20% for ER and HER2, respectively. Pilot trials evaluating the effectiveness of treatment selections based on actionable discordances between biomarker expression patterns on CTCs and primary or metastatic tumor sites may allow for a prospective assessment of CTC-based individualized targeted therapies.
Introduction
Breast cancer remains the most common and second deadliest cancer in women [1] . The disease is no longer considered a homogenous entity [2] . For locally advanced and inflammatory breast cancer (LABC, IBC), the lifetime risk of recurrence ranges between 10 to over 50% [3] . The median survival is only 2 years for all patients with stage IV metastatic breast cancer (MBC [4] ), with slightly better outcome for HER2-overexpressing (HER2?) [5] and ER/ PR-expressing (ER/PR?) cancers [6] . Triple negative breast cancers carry the worst prognosis [7] [8] [9] [10] [11] .
Circulating tumor cells (CTCs) are considered seeds for distant metastases [12] [13] [14] . CTCs have been found in *60% of MBC, and their enumeration carries prognostic implications and predicts survival [15] [16] [17] . Whether therapeutic interventions can be guided based on changes in CTC numbers as a function of therapy is currently under study (SWOG-S0500, NCT00382018) in MBC [18, 19] , and molecular characterization of CTCs may facilitate treatment selection.
Discordance between primary tumors and metastases varies greatly [20] [21] [22] [23] [24] , and multiple biopsies of metastatic sites are rarely feasible. Hence, characterization of CTCs may be of benefit. For example, HER2 status can change and HER2? CTCs are observed in up to 50% of patients with HER2-LABC and MBC [25] and such discordance is thought to be an independent prognostic factor. EGFR, phosphorylated EGFR, PI3K, and phosphor-AKT expression may also vary between the primary and CTCs [25] [26] [27] [28] . Subsets of CTCs with cancer stem cell-like features could be subjects for novel targeting strategies [29, 30] . The presence and numerical changes of CTCs are prognostic and predictive markers in LABC, also [31, 32] . HER2? or ER? expression in CTCs from patients with triple negative breast cancer could identity beneficiaries for targeted therapies. Furthermore, should the presence of markers involved in DNA damage/repair (ERCC1, PARP, cH2AX) predict the efficacy of, for example, platinum-based therapy [9, 33] , CTC-based selection of chemotherapy treatments CTC-based selection of chemotherapy regimens could be incorporated into treatment planning.
The Bruce laboratory at Palo Alto Research Center (PARC) has developed a fiber-optic array laser-scanning technology (FAST), enabling rapid high-fidelity location of CTCs identified by the conventional markers cytokeratin (CK), DAPI and CD45, without the need for enrichment [34, 35] . CTCs can simultaneously be labeled for at least 3 additional tumor biomarkers. Applying FAST, we set out to compare biomarker expression of CTCs from patients with LABC and MBC to expression patterns on primary and metastatic tumor sites.
Patients and methods

Inclusion criteria
Patients with stage II/III LABC/IBC, and with newly diagnosed, recurring, or progressive MBC were enrolled sequentially between September, 2009 and May, 2010, and those with C1 detectable CTCs were analyzed for multiplex marker expression. All patients gave their written, voluntary, informed consent (www.clinicaltrials.gov: NCT01048918 and NCT00295893). Patients with LABC/IBC received neoadjuvant therapy with an anthracycline and taxane-based (docetaxel, doxorubicin, cyclophosphamide), or platinumcontaining (doxorubicin, cyclophosphamide, followed by carboplatin and nab-paclitaxel, or carboplatin/paclitaxel) regimen with or without trastuzumab, depending on HER2 status. Patients with newly diagnosed or refractory/progressing MBC were eligible, regardless of treatment regimens.
Histopathologic and immunohistochemical (IHC) analysis
Histological parameters based on H&E staining were assessed. Expressions of ER, HER2, and ERCC1 were evaluated by IHC performed on the primary tumor from patients with LABC IBC, and MBC, and, when available, on tissue procured from metastases. Representative sections were analyzed by a member of the Department of Anatomic Pathology at the COHCC (S.K.L.).
All tissues were fixed in 10% neutral buffered formalin and embedded in paraffin. IHC was performed using antibodies directed against the following: ER (clone 1D5, dilution 1:400, Immunotech, France), HER2 (polyclonal A0485, dilution 1:200, Dako, Carpinteria, CA), and ERCC1 (clone D-10, dilution 1:100, Santa Cruz Biotechnology, Santa Cruz, CA).
Sections were deparaffinized in xylene and rehydrated in a graded ethanol series. Slides were heated in Tris-EDTA buffer in a steamer (Black and Decker, Shelton, CT) for 20 min. Staining was performed utilizing an automated immunostainer (Dako) followed by antibody detection using the EnVision TM ? system (Dako) and 3,3 0 -diaminobenzadine as chromogen. The slides were counterstained with hematoxylin and coverslipped. Appropriate positive and negative tissue controls were used. For each tumor, the percentage of immunoreactive neoplastic cells and intensity of immunoreactivity (weak, moderate, or strong) were recorded. ER positivity required that at least 1% of the cells show nuclear staining of any intensity. Tumors were classified as HER2-or ? according to standard American Society of Clinical Oncology/College of American Pathologists recommendations. ERCC1 scores were reported positive if the product of the intensity of nuclei and proportion of positive nuclei was above the median score of samples tested [10] .
CTC analysis
Ten and 30 ml samples of blood for MBC and LABC, respectively, were drawn into Cytochex Cell Free DNA tubes (Streck Inc., Omaha, NE), shipped overnight at room temperature and processed within 24 h. Samples were subjected to erythrocyte lysis [34, 35] -, and DAPI ? ) [34, 35] . The multiplex assay included three antibodies in addition to CK and CD45 to measure expression levels of HER2, ER, and ERCC1. The primary antibody against HER2 (erbB2, chicken anti-human, Abcam ab14027) was followed by a Qdot655 conjugated goat anti-chicken secondary antibody (Q14421MP, Invitrogen). The primary antibody against the estrogen receptor (ER-a, rabbit antihuman, Santa Cruz Biotech Sc-543) was followed by Alexa750 tagged goat anti-rabbit secondary antibody (A-21039, Invitrogen). The primary antibody against ERCC1 (mouse anti-human IgG2b, sc-17809, Santa Cruz Biotech) was followed by Alexa647 tagged goat antimouse IgG2b secondary antibody (A-21242, Invitrogen). All primary antibodies were pre-mixed, incubated together for 1 h and washed away before secondary antibodies were applied. All secondary antibodies were also pre-mixed, incubated for 1 h and washed away before tertiary was applied for half an hour. Incubation steps were done in the 37°C humid chamber. Quantification of the brightness of images from an automated digital microscope was performed with a software tool, developed at PARC [34, 35] . A combination of digital analysis and visual evaluation was performed to ensure correct scoring.
The choice of the ER and HER2 antibodies was based on immunofluorescence staining quality and constraints of the multiplex assay. For our immunofluorescent assay, we chose antibodies optimized for in vitro diagnostics. The antibodies used in the multiplex assay were chosen to prevent cross reactivity in the assay and are from different species or subclasses than those used with IHC on tissue samples. The antibodies were qualified through staining on cultured cells having different biomarker expression levels. We evaluated the staining quality by measuring stain localization and contrast, and by the difference between the staining levels of moderate-expressing control cells versus leukocytes, the negative control.
The FAST instrument ( Fig. 1 ) scanned the glass slide containing the processed sample at 25 M cells/min, and fluorescence emission from labeled cells was collected by an array of optical fibers forming a wide collection aperture [34] . For sensitivity, samples were stained for a mixture of cytokeratin isoforms (CK) for broad coverage [36] , an approach thought to be especially useful for detecting normal and basal-like types which have reduced EpCAM expression [37] . Cell morphology was well preserved during preparation (Fig. 2) .
Scoring methodology was adapted from tissue analysis, combining expression level and the percentage of expressing cells [15, 23, 27, 34] . Only intact CTCs with the nucleus surrounded by cytokeratin and without apoptosis were used. Each cell was scored as either 0, 1, 2 or 3, depending on whether it was negative (equal to leukocyte controls: score = 0), in the bottom third of the intensity distribution from the positive control cell line (score = 1), the middle third of the positive control (score = 2), or the top third (score = 3, see Fig. 3 as an example for HER2 assessment).
If less than 10% of the cells scored (either 1,2 or 3), the final sample score was 0. We took the average score of the cells scoring 1, 2, or 3, and multiplied it by a factor determined by the percent of cells with a positive score. We chose a sample score C3 as positive for HER2?, and for ER, any score greater than zero was considered ER?, to emulate the current standard for tissue IHC scoring. As an example, 10 CTCs with scores 1, 2, 3, and seven 0's would be scored a 6, corresponding to the average of the positive cells of 2, and the factor of 3 due to the 30% positive cells. Positive controls used for individual CTC scoring were MDA-Mb-453 for HER2 [38, 39] , T-47D for ER [40] , and A-549 for ERCC1 [10, 41, 42] . ERCC1 scoring was performed by adapting tissue-based scoring [10] . The protocol for CTC identification and biomarker analysis was established and refined through independent assessments and consensus between two research personnel with inputs from two pathologists. For data in this article, one of the research personnel (RHB) assessed all the CTC counts and biomarker expression using this established analysis, with feedback from the others.
Statistical methods
Summary statistics were used to describe the number of CTCs detected/evaluated, and HER2 and ER scores were compared to the primary/metastatic site IHC. ERCC1 analysis used IHC and CTC scoring as a continuous variable, and did not include a discussion of discordance as no validated cut-point has been established from IHC. We defined ''actionable discordance'' on a specific marker (ER or HER2) as situations where the primary and/ or metastatic tumor was negative for a marker, while the CTC score was positive. Non-actionable discordance refers to situations where the tissues express a marker, which is not detectable in CTCs.
Results
The disease and treatment characteristics of the 26 patients whose samples were analyzed for ER, HER2, and ERCC1, were not significantly different from those of the entire patient population tested for CTCs (data not shown), and are depicted in Table 1 .
From September 2009 through May 2010, blood samples were procured from13 patients with LABC/IBC for CTC analysis. C1 CTCs were detected in 9 of these patients prior to treatment, but multiplex marker analysis could be interpreted in 8. In samples procured from 23 patients with newly diagnosed (1st line) or recurring, or progressing MBC, morphology from 1 sample was not interpretable, and C1 CTCs were observed and multiplex marker analysis was carried out in 18 of 22 patients (Table 2) .
MBC cases
We detected C1 CTCs in 82% (18/22) , and C5 CTCs were observed in 55% (12/22) among those with stage IV MBC. In the samples with detectable CTCs, the median number observed was 6 (range: 2-400) ( Table 2) . Among the patients with stage IV MBC, 14 patients were enrolled with HER2-primary tumors, of whom 13 had C1 detectable CTCs, and 3 of these 13 CTC samples were characterized as HER2?. Hence, 23% (3/13) of the HER2-cases with CTCs revealed a potentially actionable discordance (primary tumor: HER2-, CTC: HER2?). In 10 patients with biopsy specimens from both the primary and a metastatic site, we found no discordances between the tissues in their HER2 status or ER status based on tumor IHC.
We attempted to measure ER expression on CTC samples from 18 patients having C1 CTCs. The assay was successful in 14 of 18 samples with CTCs. Of the 5 stage IV cases whose primary was ER-and in whom CTCs were detected, CTCs were ER? in 2 (40% potentially actionable discordance). The overall actionable discordance rate considering HER2 and ER biomarkers, illustrated in Table 3 , is 28% (5/18). CTCs were both ER? and HER2? in two cases, one was concordant with the primary site and another had a primary tumor which was HER2-/ER?. The discordance rates for non-actionable discordance were as follows: 3 of 9 patients with ER? primaries had no ER signal on CTCs, and 3 of 5 patients with HER2? tumors had no HER2 signal on CTCs (Table 3) .
We measured primary ERCC1 expression on 11 patients having C 1 CTCs. We found poor correlation between scores on CTCs and the primary tumor (r = -0.16). There was also poor correlation (r = 0.15) of ERCC1 between the primary and biopsied metastatic sites (N = 8).
Sequential samples for CTCs were assessed for persistence in marker expression profile, but due to the limited number of patients (4) with multiple evaluable samples available without change in treatment, meaningful evaluation was not feasible (data not shown). Analysis for trends between response to therapy and biomarker expression on CTCs did not yield any significant results in this heterogenous population treated with a variety of different regimens (data not shown).
LABC/IBC
For this cohort, C1 CTC was detected for 9/13 (69%) patients, and all of the samples with CTCs were evaluated for marker expression. Five or more CTCs were detected in 5/13 patients (38%). In samples from LABC/IBC patients with detectable and evaluable CTCs, the median number of CTCs observed was 5.5 (range: 1-40). For the entire cohort of 13 patients, the median was 3 CTCs (range 0-40). Of the 9 patients with CTCs, 8 were evaluable for protein expression; one sample could not be assessed due to a technical problem. Of 5 patients with ER-primaries and C1 CTCs, CTCs were ER? in 3, resulting in a 60% potentially actionable ER discordance rate for ER-patients with CTCs and biomarker evaluation. Of 5 patients with HER2-primaries and C1 CTCs, CTCs were HER2? in one case, resulting in a 20% potentially actionable HER2 discordance rate in this subset. One patient with triple negative primary LABC was found to have both ER? and HER2? CTCs. The overall actionable discordance for any markers tested in the 8 patients with CTCs assessable is 3/8 (*38%).
The discordance rates for non-actionable discordance were as follows: 2 of 3 patients with ER? primaries had no ER signal on CTCs, and 3 patients with HER2? primaries had no HER2 signal on the CTCs detected. Table 3 illustrates overall actionable and non-actionable discordances.
Discussion
Several detection methods using immunocytochemistry (ICC) for CTC identification have been explored. Incorporating enrichment technologies, such as magnet-activated cell sorting (MACS), into stable platforms with automated sample preparation (CellSearch) has enabled consistent enumeration of CTCs [14, 17, 31] . More recently, a microfluidic approach has been reported where anti-EpCAM is coated on posts instead of beads, and the CTCs are separated by flowing whole blood past these coated posts [43] [44] [45] , however, obtaining high quality images of CTCs is challenging.
The above techniques lose sensitivity at low levels of EpCAM expression [36, 37] . Tumors and CTCs with normal/basal genotype (triple negative phenotype), have very low levels of EpCAM expression [37] . A recent comparison of the CellSearch technology and two of the microfluidic approaches reported sensitivities that were lower for cell line models with low EpCAM expression [30] . As an alternative, physical properties of CTCs for enrichment such as size [46] and dielectric constant can be exploited, but the heterogeneity of CTC phenotypes remains a problem.
PCR amplification of DNA or mRNA in blood serum for tumor-specific markers offers another approach for biomarker detection and monitoring of disease and treatment outcomes [47] . However, detection of EGFR or p53 mutations in DNA from serum has been shown to be less accurate than the detection of the same marker in CTCs [43, 48] .
Applying FAST technology, we were able to detect at least 1 CTC in 69% of cases with LABC/IBC, and C5 CTCs in 38% of cases. We detected at least 1 CTC in 82% of patients with stage IV MBC, with C5 CTCs observed in 54.5%. Taking into account the limited sample size, CTC detection is comparable to what has been reported with CellSearch technology [14, 17, 31, 49] . While both approaches count only intact CTCs (i.e., CTCs with the nucleus surrounded by cytoplasm), the fidelity of our images is considerably higher than images generated with CellSearch (Fig. 2) . We are currently comparing CTC detection between FAST and CellSearch approaches for two patient cohorts: in triple negative breast cancer in which EpCAM expression is expected to be low and in patients with HER2? disease, with the EpCAM expression expected to be high. We will test whether a non-EpCAM targeting method is more sensitive for detecting CTCs with normal and basal/triple negative subtypes of breast cancers [37] . The literature is controversial regarding discordance between primary and metastatic sites assessed for ER, PR, and HER2 expression. Liedtke et al. [24] describe high levels of combined actionable and non-actionable discordance for ER, PR, and HER2 (18.4, 40.3, and 13.6%). However, Tapia et al. [23] reported 7.6% discordance between primary and metastatic sites for HER2 overexpression by FISH, but only 4.7% were unequivocal for discordance on further review. Carlsson et al. [20] found no discordances between the primary and metastases in regional lymph nodes in 45 patients who were also identified as having simultaneous distant metastases (not assessed in their study). A more recent study by Thompson et al. [50] reported low 0.7% non-actionable and 2.2% actionable discordance for HER2 between the primary and distant sites (by FISH), and ER and PR actionable discordance rates of 8 and 11% and non-actionable discordance rates of 2.2 and 8.8%.
There are many possible explanations for the differences across studies. The inconsistency in time between primary diagnosis and relapse and sites of metastatases are likely variables. The type and speed of procurement of tissue, variability in preservation/time of processing, inconsistency among the reading pathologists, staining techniques and cut-off for defining ER positivity, and the methods of HER2 testing, may also differ, as do the sample sizes.
The reasons for our finding of discordance between CTC expressions and primary/metastatic sites but not between primaries and metastases are likely multifactorial. Biopsies from the metastatic sites always preceded (occasionally by years) the procurement of CTCs, since, in order to be part of our studies, patients had to have evidence of MBC. We hypothesize, that the discordances observed between CTCs and primary and metastatic sites are partly due to the CTCs acquiring more stem cell-like (EMT-like) features, enabling them to further metastasize [29] . Also, with more time lapsed since diagnosis, CTCs can undergo further clonal evolution. Finally, the methodology of characterizing CTCs is still undergoing evolution. Regardless, assessment of CTC characteristics does carry the potential of modifying our therapies.
We were able to assess tumor biomarkers for ER, HER2, in the majority of patients with detectable CTCs, and ERCC1 was assessed in 70% of patients with detectable CTCs. Non-actionable discordance, especially with regard to ER, while reported, should be interpreted with caution, as a low frequency of positive CTCs would result in a high probability of a false negative signal due to the limited number of CTCs sampled. While the actionable discordance rate increases with the number of CTCs, we could not detect statistically significant differences when comparing discordances among samples with C5 versus \5 CTCs. The rates observed for actionable discordance, based on observing a positive CTC signal, were 28% in MBC and 38% in LABC/IBC. While these findings are in line with discordance rates reported in the literature, previous studies have typically relied on RT-PCR-based technology [39] [40] [41] [42] [43] [44] , which does not provide the benefit of morphological identification of marker expression within individually visualized CTCs.
Assessment of ERCC1 represents a novel paradigm for predictive testing of efficacy. We found no correlation between tumor tissue IHC and CTC immunofluorescence (IF) levels for ERCC1. Further testing in larger sample size and validation of the scoring system both in tissue and in CTCs is needed in addition to studying other DNA-repair associated markers as well.
Our ultimate goal is to prospectively evaluate the potential of CTC-enhanced selection of systemic therapy for patients with LABC/IBC/MBC based on actionable discordance with biomarker expression on CTCs. Work is ongoing to enable initiation of a clinical trial following development of replicable FAST product prototype/s that can be deployed to research groups and meet CLIA certification requirements. We plan to assess whether CTCdirected targeted therapy results in a decrease in CTCs as a surrogate marker for efficacy in a pilot prospective clinical trial designed to guide treatment based on actionable discordances for ER, HER2, or both. A positive outcome would then lead to prospective randomized testing of the concept of CTC-guided targeted therapies based on actionable discordances for current and new therapeutic targets.
